Abstract-All Fischer-Tropsch mechanisms known to date begin with the adsorption of carbon monoxide followed by its dissociation on a given catalysts surface. Understanding how those catalysts modify reactivity descriptors such as CO adsorption and dissociation energies is a key for nanoengineering materials for this type of applications. Cluster models of Co, Fe, Ni, Pd, Pt, and Ru have been explored using the density functional theory, in search of initial descriptors of Fischer-Tropsch activity for pure and binary combinations of those elements. Carbon monoxide adsorption energies were calculated for adsorption on all possible catalytic sites, and the most preferred CO adsorption sites were found in each case. An initial predictor that can be used to anticipate potentially effective catalysts was identified as a percentage difference, using CO adsorption energy results in combination with CO dissociation energies from the previously found sites. A greater catalysts performance is expected when that percentage difference is maximized. On pure clusters, the predictor indicates that ruthenium is expected to be the best catalyst followed by cobalt, in very good agreement with the current knowledge in this field. Thus, this paper presents a mechanism to quickly explore the natural potential of a catalyst material to break the CO bond. The predictor presented here can guide the synthesis of new catalysts, involving modifications of known and currently used catalysts for the Fischer-Tropsch process, and investigations on catalysis in general.
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I. INTRODUCTION

E
CONOMIC and environmental concerns related to the production of gasoline and diesel in conventional refineries from crude oil have prompted research on alternative processes. Among the various options and chemical conversion routes, syngas (a mixture of carbon monoxide, CO, and hydrogen, H 2 ) conversion to long-chained hydrocarbons (synfuels) through the use of the Fischer-Tropsch synthesis (FTS) has been reconsidered in the last couple of decades as a practical route for fuels production. In the presence of the right catalyst, FTS transManuscript received October 8, 2015 ; accepted February 14, 2016 . Date of publication February 18, 2016 ; date of current version September 5, 2016 . This work was supported by the U.S. National Science Foundation under Awards #EPS-1003897 (LA-SiGMA) and #HRD-1242152 (CREST).
S. Gyawali and S. Godara are with the Institute for Micromanufacturing, Louisiana Tech University, Ruston, LA 71272, USA (e-mail: sgy002@latech.edu; gg9189@gmail.com). forms CO and H 2 into long-chained hydrocarbons to ultimately produce diesel [1] . The FT process is not new; it has been developed in the nineteen twenties [1] . Despite the experimental and theoretical work in recent years, several mechanistic details for the FTS remain unclear and unpredictable; especially the selectivity and reactivity of catalytic materials. In particular, the CO dissociation pathway remains largely unresolved [2] - [6] . Breakthroughs in the area of catalyst design are certainly needed in order to improve the FTS process [7] . Appropriate catalysts reduce costly investments in the production or purification of synfuels. Typically, catalyst reactivity depends on the valence state of the metal, and reactions often occur at surface defects. Commonly used catalysts for the FTS process are 3d transition-metals such as Co and Fe with high-surface-area supports (e.g. silica, alumina, or zeolites) [8] .
The FTS process is initiated by the activation of syngas bonds and continues with the hydrogenation and C-C coupling steps, terminating with chain reactions. However, it is well known that the barrier for CO activation is high, and as one goes to the left of the periodic table, metal surfaces increasingly tend to dissociate CO [9] . The search for bimetallic catalysts is driven by the premise that it is possible to enhance the activity and selectivity of pure catalysts by alloying them with additional metals [10] . Bimetallic catalysts are also promising materials because they have different catalytic properties than either of the parent metals. Rochana et al. [11] analyzed the electronic properties associated with CO adsorption on Co-Fe catalysts. These authors reported that the preferred adsorption site for CO on Co-Fe alloys differ from the preferred adsorption site at the pristine Fe and Co metals, implying that alloying Fe with Co changes the properties of the pristine metal affecting the CO adsorption energy.
Although the structures of bimetallic catalysts play a crucial role in determining their reactivity, understanding the effect of these catalysts on the initial stage of the FTS process is still limited. It is essential to understand how these catalysts modify reactivity descriptors, such as adsorption and dissociation energies of carbon monoxide in this study. This question defines the scope of the present paper. Regardless how the FTS takes place on a given catalyst material, all FT mechanisms known to date begin with a first and crucial step, which is the adsorption of CO onto the catalyst surface. The CO adsorption onto the catalyst surface should be strong enough but also sufficiently weak to allow its dissociation to further formation of long-chained hydrocarbons. Thus, CO adsorption and dissociation energies are hypothesized in this work to be associated to the predictor of the effectiveness of a given FT catalyst, aiding in the search and design of the most efficient material for this process.
Not every element is appropriate when used as one of the components of a binary FT catalyst. The ones that are known to have FT activity are, Ru, Fe, Ni, Co, Rh, Pd, and Pt. For practical purposes, Co and Fe are the most preferred, as they are effective and their costs are relatively low. Among these elements, Rh is the most expensive, followed by Pt, Pd, and Ru [12] . Since the reactivity of metal clusters is a strong function of the metal under consideration, the study presented in this work has concentrated in 3d (Co, Fe, Ni), 4d (Pd, Ru), and 5d (Pt) metal clusters formed by pure and binary metal combinations of these elements, as they are the ones known to exhibit Fischer-Tropsch activity. Selection of the most practical binary catalyst for the FTS [13] is based not only on the cost and availability of materials, but also their resulting catalytic activity as well as materials miscibility and surface segregation properties, leading to either well-mixed or core-shell segregated structures [14] . Thus, when a component of an alloy separates in small regions within the solid or on the surface of the solid it is said that segregation of that component takes place.
Experimental work has been extensive in the catalysis field; however, the cost to move nano-engineered catalysts from the laboratory to industry using only experimental research is prohibitively high. All macroscopic phenomena (i.e. melting, defect formation, miscibility) can be understood in terms of the nano-scale mechanism using molecular simulations. Using molecular simulations in combination with experiments lowers the costs related to design, as simulations can be used to rapidly screen candidate materials, so that experimental efforts can be limited to the catalyst candidates deemed as most promising by simulations. This work employs molecular simulation tools to nano-engineer FT bimetallic catalysts.
II. METHODS
A. Ground State Conformations
The Generalized Gradient Approximation (GGA) method [15] , [16] within the Density Functional Theory (DFT) formalism, as implemented in the DMOL 3 module of the BIOVIA Materials Studio 6.0 software [17] , was used in this work. The problem with DFT is that exact functionals for exchange and correlation in molecular systems are not known, and different DFT methods are attempts to more accurately provide those functionals. Using GGA methods such as the Revised PerdewBurke-Ernzerhof (RPBE), the calculation of molecular geometries and cluster structures, ground state energies, adsorption energies of molecules, cohesive energies of solids, and the energy barriers for molecular reactions are performed with great accuracy [16] - [17] . In particular, RPBE is typically found to be superior to the description of the energetics of atomic and molecular bonding to surfaces [18] .
In this work, geometry optimization calculations were performed using RPBE in combination with either the doublenumerical with polarization (DNP) with all electron treatment basis set, or the double-numerical + d-DNP (DND) with an effective core potential (ECP) treatment basis set. The DNP basis set considers a polarization d function on heavy atoms and a polarization p function on hydrogen atoms. DNP and DND compare to the split-valence double zeta 6-31G * * and 6-31G * in size, respectively; however, they are more accurate than the Gaussian basis sets of the same size [19] . The ground state conformations of pure Co, Fe, and Ni clusters, and the corresponding ones for binary systems where Co, Fe, and Ni were the host elements were obtained at the RPBE/DNP-All electron theory level. The ground state conformations of Pd, Pt, and Ru and the corresponding ones for binary systems where Pd, Pt, and Ru were the host elements were calculated at the RPBE/DND-ECP theory level.
Harmonic vibrational frequency calculations were performed to ensure that stationary points on the potential energy surface of the molecular systems were, in fact, local minima (all real frequencies) or transition states (only one imaginary frequency). Spin multiplicity states were also checked, and zero point energy corrections considered in all calculations. Additionally, in order to obtain accurate results, possible diverse arrangements of the molecular system under investigation were considered, and in some cases, more than one energy-optimized configuration was identified. The energies obtained for the different minima were compared, and only the ground state conformations were considered for further calculations.
The cohesive energies per atom (E coh ) of pure and binary clusters were determined by (1) .
where E(A n B m ) is the energy of the A n B m binary core(A)-shell(B) clusters (A, B: Co, Fe, Ni, Ru, Pd, Pt) containing N = n + m total number of atoms, E(A) and E(B) are the energies of the pure elements A and B, and n and m are the total numbers of atoms of A and B type in a A n B m cluster, respectively. Thus, for instance, the Ru 1 Pt 12 notation will be used when referring to a cluster containing 1 Ru atom in the core and 12 Pt atoms in the surrounding shell. The CO adsorption energies, E ads (CO) were calculated using (2). According to this equation, a negative binding energy corresponds to a stable CO adsorption onto the cluster surface.
where E(CO * ) is the energy of the cluster with 1 CO molecule adsorbed on its surface, and E(CO) is the energy of a single CO molecule.
The CO dissociation energy was calculated using DFT and Transition State Theory via the DMOL 3 module of the BIOVIA Materials Studio software as described in the next Section, II.B, by subtracting the energy of the reactant (cluster with 1 CO molecule adsorbed on its surface) from that of the corresponding transition state connecting that reactant to a final product; which consisted of the cluster with C and O species adsorbed on its surface.
B. Modeling of CO Dissociation
Appropriate reactants and products involved in a given reaction, the CO dissociation on a cluster surface in this work, were considered for defining atom pairing, so that a 3D trajectory file representing the reaction path preview was generated with the Reaction Preview tool of the BIOVIA Materials Studio software. Then, these 3D trajectory files were used as inputs to obtain the corresponding transition states, using the linear synchronous transit and quadratic synchronous transit (LST/QST) calculation with conjugate gradient minimization [20] within the Transition State search tool in DMOL 3 . This methodology starts with a LST/optimization (bracketing the maximum between the reactant and product and performing energy minimization of the obtained maximum in the reaction pathway). The Transition State hence obtained was used as starting point for performing a finer search with the QST/optimization followed by a conjugate gradient minimization. This cycle was repeated until a stationary point with only one imaginary frequency (transition state) was found [20] . When finding more than one negative frequency, the corresponding (imaginary) modes of vibrations were animated in order to visualize the mode that would eventually follow the intended step from the particular reactant to product. That particular mode was then selected to perform the transition state optimization to verify whether the obtained geometry was indeed a transition state.
The transition state finally obtained by the LST/QST/ conjugate gradient method may not be the transition state connecting the intended reactant and product for a particular reaction. Therefore, in order to thoroughly investigate the reaction path, the intrinsic reaction coordinate (IRC) analysis was performed. In DMOL 3 , the IRC calculations are included in the Transition State Confirmation tool. This tool starts at the transition state and locates successive minima in the direction of the reactant and product paths. This path is known as the minimum energy path, which should connect the supposed transition state to the presumed reactant and product [21] . It uses the nudged elastic band method to validate a transition state by introducing a fictitious spring force, which connects the neighboring points to ensure continuity of the path and then it projects the force, so that the system converges to the minimum energy path [21] . This procedure for exploring the energy path associated with a reaction has been successfully used in other work involving solids [22] - [23] and clusters [24] - [26] .
The internal energy of activation at absolute zero, ΔU, is a property derived from the Born-Oppenheimer electronic energies and the vibrational zero point energies, which are not affected by temperature; whereas, the so-called Arrhenius activation energy, E a , depends on temperature [27] . Hence, the internal energy of activation ΔU is not the same as the Arrhenius activation energy, E a [28] , [29] . In this work, the reported CO dissociation energies, E diss (CO), correspond to Gibbs Free energy barriers, i.e. internal energy of activations with thermal corrections added at 298.15K.
III. RESULTS
A. Nanoparticle Structural Stability
The next step in the design of the best catalyst for the FT process is to decide on the optimum model size of the clusters representing the catalysts, as a compromise between accuracy of results and simulation time. The work published by Doye and Meyer [30] was followed to define the smallest cluster size that exhibit particularly high structural and chemical stability to most accurately model pure and binary combinations of Co, Fe, Ni, Pd, Pt, and Ru.
Using a global optimization approach that directly searched for the global minima in both composition and configuration space, Doye and Meyer [30] were able to find particularly stable structures for binary Lennard-Jones (LJ) clusters with up to 100 atoms. In that study, the nature of the atomic species was introduced by varying the LJ parameters for a generic A-B binary system. Moreover, the strength of the interactions between atoms A and B was assumed to be the same, but the atom types were allowed to have different sizes. These authors found that those structures typically exhibited a core-shell type of arrangement, with the smaller atoms in the core of the cluster and the bigger ones around them in the outermost shell. Thus, the cluster size of 13 atoms was found to be the very first cluster exhibiting great stability; a fact that seemed not to be very sensitive to the strength of the LJ parameters, i.e. nature of the atomic species forming the binary cluster [29] . In this study, therefore, clusters containing 13 atoms were selected as the cluster size of the models representing pure and binary combinations of Co, Fe, Ni, Pd, Pt, and Ru.
The most stable geometry (Fig. 1) found for Co 13 , Fe 13 , Ni 13 , and Pd 13 was of icosahedral symmetry, consisting of two zigzagged pentagonal rings, two apex atoms, and a central atom. The most stable structure of Pt 13 found in this work was a layered structure with the first two layers containing 6 atoms, and a third one containing just 1 atom. For Ru 13 , the most stable structure has shown decahedral symmetry, with two aligned pentagonal rings, two apex atoms, and a central atom (Fig. 1) .
The average first neighbors metal-metal bond lengths, r 0 , obtained from the ground state geometries of Fig. 1 are presented in Table I . The LJ potential given by (3) was used by Doye and Meyer to model the interactions between atoms.
where ε is the depth of the potential well, σ is the distance at which the potential is zero, r is the distance between the atoms, and r 0 is the distance at which the potential reaches its minimum.
For interactions between atoms of the same type, for example type A, the corresponding LJ parameters are therefore denoted ε AA and σ AA . The average first neighbors metal-metal bond lengths obtained for pure Co, Fe, Ni, Pd, Pt, and Ru (Table I) are related to the Lennard-Jones parameter σ of equation (3), as r 0 = 2 1/6 σ AA . In the case of binary systems A n B m , when A and B are different elements, Doye and Meyer [30] found that among those particularly stable 13-atom clusters, the A 1 B 12 , A 4 B 9 , A 5 B 8 , and A 7 B 6 compositions were found to be the most stable ones. These authors indicated that the A 1 B 12 structure is the most stable one when the ratio of the LJ parameters, σ BB /σ AA , was close to 1 [30] . Then, when σ BB /σ AA was about 1.1614, the A 4 B 9 structure became the most stable, and with a further increase of this ratio, the other A 5 B 8 , and A 7 B 6 compositions became the most stable ones, respectively [30] .
In this study, calculations of the σ BB /σ AA ratios were performed for each of the resulting binary A-B (A, B = Co, Fe, Ni, Pd, Pt, or Ru) clusters containing 13 atoms in total, in order to find out what would be the predicted most stable composition in each case (A n B m with combinations of n and m to add up 13), based on the work by Doye and Meyer [30] . For all of the 30 binary systems resulting from combining Co, Fe, Ni, Pd, Pt, and Ru, the σ BB /σ AA ratios were close to 1, ranging from 0.901 for Pd-Ni to 1.110 for Ni-Pd (Fig. 2) , thus the expected most stable composition for all cases was A 1 B 12 .
Optimizations of the next two stable cluster compositions that is predicted for higher σ BB /σ AA ratios, A 4 B 9 , and A 5 B 8 were also performed using DFT, but the A 1 B 12 structure was found to be the one corresponding to the most stable conformation. To illustrate this point, particular cases corresponding to combinations of Pd (host) and Ru (solute), i.e. Ru 4 Pd 9 and Ru 5 Pd 8 ; are shown in Fig. 3 . This particular Ru-Pd system is interesting, as it is the one that shows the strongest anti-segregation potential (Fig. 4) . Although each of these clusters contains 13 atoms, the number of electrons are different. Taking this factor into account and at the theory level of this work, the Ru 1 Pd 12 structure was found to be 3.81 eV more stable than that of Ru 4 Pd 9 , and 5.10 eV more stable than that of Ru 5 Pd 8 . Therefore, the Ru 1 Pd 12 struc- ture was found to be the most stable one, as predicted by Doye and Meyer [30] . Hence, for all bimetallic clusters containing 13 atoms, only the A 1 B 12 (A, B = Co, Fe, Ni, Pd, Pt, or Ru) most stable compositions were considered as representative cases of the corresponding core-shell binary catalysts. Those structures were geometry optimized, and their final ground state structures are shown in Fig. 5 .
According to metal miscibility data, among binary combinations of Co, Fe, Ni, Pd, Pt, and Ru, the less miscibile systems are Ru-Co, Ru-Fe, Fe-Ni, Fe-Pt, Co-Pd, Co-Pt, Ni-Pd, Ru-Ni, Ru-Pt, Ru-Pd, and Fe-Pd, as they show a strong degree of metal (Fig. 2) . segregation when the first element is the host (element in the shell) and the second one is the solute (central or element in the core) (Fig. 4) [14] . All other binary combinations would favor mixtures or less segregated atomic arrangements, although the presence of low-coordinated atoms (at edges and corners) in these small nanoparticles may contribute to the finite-size effects on their anticipated structural properties.
It is interesting to note in Fig. 5 that not all the A 1 B 12 structures show icosahedral symmetry, as predicted by Doye and Meyer [30] . The structures shown in Fig. 5 where the host elements are Ni, Pd, or Fe show all icosahedral geometries. The case of Pt 1 Fe 12 was the only case where the intended central atom (Pt) segregated to the surface in search of a most stable configuration. As discussed previously, this system was expected to show a high degree of segregation, where the largest atom prefers to go to the cluster surface. For the cases where Ru is the host element, all A 1 B 12 combinations but Fe 1 Ru 12 favored the symmetry observed for pure Ru 13 that exhibited icosahedral symmetry. When Pt is the host element, the resulting A 1 B 12 structures for A = Fe, Ru, Co, and Ni showed a modified structure when compared to the pure Pt 13 case. For those bimetallic combinations, the layered structure with the first two layers containing 6 atoms and a third containing just 1 atom observed in the Pt 13 case gets distorted. They show instead a four layered arrangement, with the first layer containing 5 atoms, the next one 1 atom, then the third layer containing 6 atoms, and finally 1 atoms is found in the fourth layer. When Co is the host element, all A 1 B 12 combinations but Ni 1 Co 12 favored the icosahedral symmetry. Ni 1 Co 12 exhibits a bcc structure at the theory level of this work.
B. Nanoparticle Cohesive Energy
The cohesive energies of different pure and binary 13-atom clusters were calculated using (1) and are shown in Fig. 6 . This figure shows that the pure 13-atom cluster with the strongest cohesive energy is Pt 13 , followed by Ru 13 and Co 13 , then Pd 13 , Fe 13 , and finally Ni 13. This figure also shows that the cohesive energy of pure Ni 13 cluster can be improved by replacing the central Ni atom by Co, Fe, and Ru, and significantly deteriorated by replacing it by Pd or Pt instead.
In the case of the pure Fe 13 cluster, its cohesive energy can be improved by replacing the central Fe atom by Co and Pt, and deteriorated by replacing it by Ru, Ni, or Pd instead. The cohesive energy of Pd 13 can only be improved by replacing the central Pd atom by Ni, Co, Fe, Pt, and Ru, in increased order. In the case of the pure Ru 13 cluster, its cohesive energy can be deteriorated by replacing the central Ru atom by Co, Ni, Pt, and Pd, and significantly improved by replacing it by Fe. Finally, the cohesive energy of pure Pt 13 cluster can be improved by replacing the central Pt atom by Ni, Co, Fe, and Ru, and deteriorated by replacing it by Pd.
C. CO Adsorption and Dissociation on Pure Clusters
CO adsorption energies on pure Co 13 , Fe 13 , Ni 13 , Pd 13 , Pt 13 , and Ru 13 clusters were calculated next using (2) . Different CO adsorption sites (top, bridge, and hollow) were tested for each case and the results are shown in Table II. According to (2), the more negative the E ads (CO) the stronger the CO adsorption. Among this set of pure 13-atom clusters, the strongest CO adsorption was found on the top site of the Ru 13 cluster, with adsorption energy of −2.16 eV (Table II). The next strongest CO adsorption was on the top site of All energies are in eV.
the Pt 13 cluster, with adsorption energy of −1.83 eV, followed by the top site of the Ni 13 cluster, with an adsorption energy of −1.77 eV. Co 13 and Fe 13 have shown that the CO adsorption was equally favorable on their corresponding top and hollow sites, with adsorption energies of −1.65 and −1.49 eV, respectively. Finally, the CO adsorption was found to be the weakest on the top site of Pd 13 cluster (Table II) . After finding the preferred CO adsorption site for a given pure cluster, the energy cost for dissociating this adsorbed molecule on the cluster surface was investigated next. The CO dissociation onto the pure cluster surface can be seen in Fig. 7 . According to the dissociation energy calculations, the lower the energy barrier the easier the CO dissociation on the catalyst surface. It is good to note, however that the CO dissociation studied here is not assisted by hydrogen, as it is intended only to explore the catalyst natural potential to break the CO bond. Thus, the ease of the C-O bond of the carbon monoxide molecule cleaving on the catalyst surface is explored, rather than determining if this dissociation reaction is energetically favorable or not.
Looking at E ads (CO) and E diss (CO) in Table II , the material that exhibited the strongest E ads (CO) at the theory level of this work was ruthenium, and the one that exhibited the lowest E diss (CO) is cobalt. A percentage difference, as indicated by (4) , is defined as an indicator of system performance.
Calculating the%Diff for pure clusters it was found that this quantity was the highest for ruthenium (46%). Coincidentally, this material is well known to be the most active catalyst for the FTS [13] . After ruthenium, the element with the next highest %Diff was cobalt (38%), which is also well known to be a very suitable metal catalyst for the FTS [13] . At the theory level of this study, after ruthenium and cobalt, the following that were predicted by this work to have FT activity, in decreasing order, are palladium, nickel, iron, and finally platinum. It is interesting to note that the work presented in this article predicts palladium as a promising material for processes that begin with the adsorption of CO onto the catalyst surface, such as the FTS.
D. CO Adsorption and Dissociation on A 1 B 12 Clusters
CO adsorption energies on binary A 1 B 12 combinations of Co, Fe, Ni, Pd, Pt, and Ru clusters were calculated next using (2). Fig. 7 . CO dissociation pathway on pure Co 13 , Fe 13 , Ni 13 , Pd 13 , Pt 13 , and Ru 13 . The first picture in each set corresponds to the reactant (cluster with CO adsorbed on the preferred site), the middle one corresponds to the transition state for the CO dissociation reaction, and finally the last picture is the product (atomic C and O species adsorbed on the catalysts surface).
Different CO adsorption sites (top, bridge, and hollow) were tested for each case and the results are shown in Table III top adsorption site for the CO molecule. In that CO adsorbed conformation, the CO adsorption energy was 1.14 eV more stable than the hollow CO adsorption on a pure Ni hollow site; which had E ads (CO) = −1.91 eV, as shown in Table III . However, since the Pt 1 Ni 12 cluster was not chemically stable in that situation, that result was not included in Table III . In the case of Pt 1 Ru 12 , the intended CO adsorption on a pure Ru hollow site resulted in a pure Ru bridge site configuration, where the Pt central atom segregated to the surface and stayed on the same plane where the two Ru atoms involved in the bridge site were. For this situation, the corresponding CO adsorption energy was −3.53 eV, but it is not included in Table III , as the cluster did not retain its stable structure as shown in Fig. 5 . Thus, Table III contains information on the preferred adsorption site (PAS) and the corresponding CO adsorption energy on that site. It then shows the next preferred adsorption site (NPAS) and the energy difference between the PAS and the NPAS, Δ1, to indicate how much more stable the PAS was with respect to the NPAS. Finally, and only when a third adsorption site for the CO molecule was found stable at the theory level of this work, it is indicated as the least preferred adsorption site (LPAS). For this case, the LPAS and the energy difference between the PAS and Δ2, which indicates how much more stable the PAS was with respect to the LPAS, are included in the last columns in Table III , respectively. Moreover, binary A 1 B 12 clusters shown in Table III are ordered according to decreased CO adsorption energy on the PAS. It can be noticed that the clusters showing the strongest E ads (CO) are the ones for which B (the shell element) is Ru, followed by cases where Co is the shell element.
E. Predictor of Catalyst Activity
Looking at the E ads (CO) and E diss (CO) for CO on pure clusters (Table II) , the materials with the potential to exhibit greater activity for any process that begins with the adsorption of CO onto the catalyst surface, like the FTS process, were well predicted by looking at the cases for which the %Diff given by (4) is maximized. Using this predictor on the pure clusters, the ones with the highest to lowest %Diff were Ru, Co, Pd, Ni, Fe, and Pt, respectively. Coincidentally, this element order is well in line with the current state of knowledge of materials that have FTS activity [13] . Therefore it is hypothesized that, when comparing catalysts performance, the %Diff given by (4) is a good initial predictor of greater catalysts performance when this quantity is maximized.
In order to test this hypothesis, selected cases from Table III were picked involving binary combinations of the elements that are typically used for FT applications. Hence, CO dissociation energies were calculated for the following selected cases from For these cases, the predictor indicates that core-shell Ni-Fe systems might be better than Fe-Ni, that Ni-Ru might be better than Ru-Ni, and that using Fe in the shell is better than using Ni, and considerably better than using Ru when the core element is cobalt in a core-shell-like catalytic structure.
We acknowledge, however, that this predictor is not an absolute indicator of the effectiveness of a given catalyst, as diverse factors need to be considered to unequivocally screen materials for a given application, such as working conditions, catalyst size, catalyst composition, and the nature of the support [31] . In the presence of a catalyst support, for instance, the nature of the support will definitely have a local effect, particularly at the catalyst/support interface, and also a more extended effect; ruling the way atomic species interact on the surface of the catalyst. Electron-donating oxides such as MgO, PbO and ZnO typically lower the overall activity of the Co-Ni alloys in a 50:50 ratio [32] , but when TiO 2 or MnO 2 are used as the support, both the CO conversion and the chain growth probability are increased.
In a 2011 review by Calderone et al. a critical discussion was presented on the performance of Co-Fe and Co-Ni catalysts versus their monometallic counterparts [33] . Co-Fe systems supported on carbon nanotubes typically show a non-linear activity-composition relationship, showing increased activity up to a given Fe content, and reduced CO conversion for further Fe content increase [34] . Pure Fe has a 4 times higher alcohol selectivity and gives about 3.5 times as much olefin compared to pure Co. Moreover, the addition of Fe in Co-Fe systems increases the olefin:paraffin product ratio. Adding iron to cobalt typically yields more alcohols, and when compared to pure monometallic Ni, Co-Ni systems exhibit higher selectivity for gasoline compounds [33] .
IV. CONCLUSION
This work presents a theoretical study in search of initial predictors of Fischer-Tropsch catalytic activity, based on results conducted on magic-sized clusters corresponding to pure and binary combinations of all the metals known to date to exhibit FT activity: Co, Fe, Ni, Pd, Pt, and Ru. Built on the current state of knowledge in the field and results from this study, an initial predictor is suggested for identifying systems that may be better to further explore than others; not only for FT applications, but also other processes that begin with the adsorption of carbon monoxide followed by its subsequent dissociation on a given catalyst surface. The predictor presented here can guide the synthesis of new catalysts, involving modifications of known and currently used catalysts for the Fischer-Tropsch process and investigations on catalysis in general.
